Mixing and combustion in supersonic reacting §ows are currently under investigation for new generation launchers and trans-atmospheric vehicles. Experimental results with hydrogen injected at Mach 2.5 in a Mach 2 airstreams showed combustion taking place just in ∼ 0.6 m: this indicates that supersonic combustion is feasible within short combustors. Large eddy numerical simulations including the subgrid scale (SGS) model, ISCM, developed speci¦cally for supersonic combustion have been done. This model takes into account the e¨ect of compressibility on reaction rates and on mixing. Numerical simulations have revealed that the §ame is unsteady: it anchors at about 15 cm from the injector, develops downstream, and lifts o¨. Periodical ignition and quenching have been investigated. Also, the combustion regime in supersonic §ows has been investigated and is reported.
INTRODUCTION
Large eddy simulations (LES) can be of support in designing supersonic combustor if a subgrid scale model suitable to supersonic §ows is implemented. In fact, numerical simulations with the SmagorinskyLilly SGS model often predict neither mixing nor combustion whilst experiments show both occurring over short lengths. Past evidence [1] shows that the physics of mixing and combustion is very di¨erent in subsonic and supersonic regimes. From a previous theoretical analysis [2] of the e¨ects of high Mach number on turbulence and combustion, it has been observed that high Mach number §ows experience mainly streamwise vorticity and consequently maximum helicity. Both a¨ect mixing and improve it at large scales. It has also been found that mixing can be improved by forcing transversal pressure gradients, e.g., by means of particular geometries (generating shocks) and devices (injectors).
In this test case, the bow shock due to the transversal injection induces the vorticity. Furthermore, it has been shown that supersonic combustion takes place locally at approximately constant volume, and that collisional frequency increases due to local dilatation [3, 4] resulting in faster kinetics. Based on the previous observations, a novel SGS model, ISCM, has been developed. The ISCM model accounts for compressibility e¨ects on mixing and on combustion. In particular, microscale physics has been included by means of a subgrid kinetic energy equation that is algebraically modeled to provide the velocity §uctuation needed by the eddy viscosity SGS closure. The SGS model (ISCM) accounts convincingly for key physics of supersonic combustion and can be used to suggest how to improve the supersonic combustor design.
LARGE EDDY SIMULATIONS OF SUPERSONIC COMBUSTION WITH THE ISCM MODEL

NASA-Langley Test Case Geometry and Experimental Results
The geometry of the scramjet (SCRJ) combustor con¦guration is shown in Fig. 1 . A direct-connect supersonic combustor model, known by its acronym SCHOLAR has been developed at NASA-Langley Research Center. This con¦guration is that used during the NATO ATV-10 RTO project a few years ago [5] . This experiment has been designed to provide optical access to a reacting supersonic §ow¦eld typical of the §ow present in a scramjet engine. The model shown in Fig. 1 consists of a section 546 mm in length made of copper for thermal control followed by a 914-millimeter long section made of carbon steel attached to the aft end of the copper section. The copper section contains a single fuel injector that introduces gaseous hydrogen into the vitiated air stream §owing through the model.
The injector region of the combustor model is shown in Fig. 1b . The model consists of a constant area channel initially 38.6 mm high and 87.9 mm wide followed by a 4.8-millimeter rearward-facing step and a 43.8-millimeter long constant area section. Combustion heated vitiated air is introduced into the channel at Mach 2, 1184 K, and 100,405 Pa.
The vitiated air contains 20.35 percent water by mass introduced by the facility heater. The injector lies on the duct centerline. The fuel injector is inclined at 30
• to the horizontal and has a circular cross-section 7.6 mm in diameter. It is located just downstream of the 3
• divergence (∼ 43.8 mm from the step) section. A 3-degree expansion of the upper wall begins immediately at the primary fuel injector. This 3-degree expansion continues along the upper wall of the carbon steel section that is attached to the copper combustor model.
Five measurement locations for optical access are provided in the copper part of the combustor model. Two additional measurement stations are provided in the carbon steel section. From these single-shot measurements, averages and root addition to optical measurements, wall pressures are measured using an array of ori¦ces. Figure 2 shows a three-dimensional (3D) view of the experimental average temperature ¦eld. Experimental results predict the §ame anchoring between cross sections 5 and 6. As this last section is at 77 cm from the combustor inlet plane and at about 60 cm from the H 2 injector, mixing times can be es-timated to be ∼ 5 · 10 −4 s ( Table 1 ). This means that this supersonic §ow mixes and burns in a very reasonably short time. Figure 2 also shows that the §ame is developed both at the bottom and upper wall. Maximum (averaged) temperatures are about 2200 to 2300 K.
Numerical Scheme
Three-dimensional LES were performed with FLUENT 6.3
TM commercial code [6] to simulate the §ow¦eld in the NASA-Langley combustor model. Double precision has been used.
The LES solver is a coupled, upwind, explicit, third-order MUSCL * , accurate both in space and time. This scheme was conceived from the original by blending a central di¨erencing scheme and second-order upwind scheme. In FLUENT, compared to the second-order upwind scheme, the third-order MUSCL has the potential to improve spatial accuracy for all types of meshes by reducing numerical di¨usion, most signi¦cantly for complex 3D §ows.
Computational Domain
The SCRJ combustor geometry of Fig. 1 has been mapped by a 3D grid (Fig. 3) .
This domain was discretized with a grid of 700 points in the streamwise direction, 46 points in the cross-stream direction, and 60 points in the spanwise direction. The grid was made ¦ner near the step and the fuel injector. The number of hexahedral cells of the computational domain is 1,563,994, for a total of 1,626,578 nodes. Only the ¦rst 800 mm of the whole length of the combustor (1234.2 mm) have been simulated. With this grid, a very small wall Y + , of order of 48 has been obtained near the step and the H 2 injector, where the NASA experiment predicts bow shock formation ( Fig. 3a) . At the inlet, instead, the grid should be further re¦ned to allow a better prediction of the boundary layer (Fig. 3b) .
However, both the shock departing from the step and that just upstream the fuel injection are predicted by simulations, this leading the two counter rotating vortices generation along the stream direction. Also shocks re §ection between the upper and the bottom walls is predicted.
Inlet Boundary Conditions
Calculations begin at the x = 0 station of the SCHOLAR model, where vitiated air from the facility enters the duct. The initial channel cross-section is 38.6 mm high and 87.9 mm wide. Vitiated air enters the model at Mach 2.0 yielding a velocity of 1395.7 m/s, a static temperature of 1204 K, and a static pressure of 101,325 Pa. Air inlet temperature is su©ciently high to produce self-ignition of the airhydrogen mixture.
The mole fractions of the species present in the vitiated air are given in Table 1 .
The hydrogen fuel injector introduces hydrogen at Mach 2.5 with a static temperature of 1343 K, and a static pressure of 202,650 Pa. The air/H 2 equivalence ratio is ∼ 1.
Combustor walls are nonadiabatic; in fact, the measured heat §ux varies linearly from 0.7 to 1.8 MW/m 2 along the x direction, corresponding to about 10% of the combustion heat release. The heat §ux function has been implemented as a boundary condition for the energy equation by means of a user de¦ned function in the FLUENT code used in these simulations.
No-slip conditions were speci¦ed along the channel walls.
Turbulence and Chemistry Modeling
The SGS model used for the turbulent closure of the ¦ltered NavierStokes equations is the ISCM model [4] . In brief, in the ISCM model:
(i) microscale physics has been included by means of a subgrid kinetic energy equation that is algebraically modeled to provide the velocity §uctuation to be used in an eddy viscosity SGS closure;
(ii) reacting turbulent structures have been modeled by means of a reactor burning at constant volume; and (iii) the reaction rate depends on the local Mach number.
Hydrogen/air chemical kinetics has been modeled by means of an overall 1-step reaction involving 3 reacting species [7] :
This scheme does not consider the e¨ects of the small quantities of radicals present in the vitiated air. However, the assumption of 1-step mechanism instead of a more detailed mechanism can be justi¦ed considering that anchoring at this air temperature and pressure is not controlled by kinetics. In fact, the results obtained by CHEMKIN 3.7 code, concerning hydrogen/air combustion performed with a detailed mechanism consisting of 9 species and 20 reactions, have shown (for the same NASA-Langley test case conditions) very short ignition delay times, of order of 0.05 ms, ten times lower than the mixing time, as estimated from the experiments. Besides, comparing the results obtained by CHEMKIN 3.7 code for the same NASA-Langley test case conditions with a 1 step and a more detailed H 2 /air mechanism, a negligible di¨erence in terms of ignition delay time and §ame temperature is shown.
Simulations
Simulations performed with the ISCM subgrid model show the H 2 jet penetrating up to 0.5 diameter, and then bending down towards the bottom wall. A bow shock is located immediately in front of the injector (Fig. 4) . Shock re §ections between upper and bottom walls are predicted. As is seen from Fig. 4 , vorticity is mainly streamwise. Figure 5 shows averaged temperature ¦elds at sections 5 and 6. Two counterrotating vortices move along the stream direction, spread the H 2 jet enhancing fuelair mixing and reaction. The vortices also convect §uid toward the lower wall. Experimental data indicate a maximum temperature of between 2030 and 2300 K, while simulations predict the maximum (averaged) temperature of 2400 K. A ¤cold¥ core of unreacted hydrogen persists in both experimental data and calculation at the end of combustor.
Numerical simulations show also unsteady §ame behavior similar to what is reported in [8] . In the numerical simulations, combustion starts on the upper side of the hydrogenair shear layer, at about 5 cm from the H 2 injector (Point 1 in Figs. 4 and 6) . Here, the mixture ignites periodically at about 2500 Hz. Mixture ignites also at about 15 cm from the H 2 injector (Point 2 in Figs. 4 and 6) . From this latter point, the §ame develops downstream, lifts o¨and is convected towards the exit. This phenomenon is periodical and forced by the ignition of reactants at point 1. After 0.4 ms, the §ame starts again to develop downstream and the whole phenomenon repeats. This means that the local temperature and equivalence ratio allow mixture reignition. It follows from Fig. 4 that instantaneous maximum temperatures are higher than temperatures measured in the experiments by 15%20%. This is likely due to the use of a single-step oxidation reaction with no radicals in the products. The two counterrotating vortices ex-isting in all cross sections promote mixing, thereby favouring §ame propagation, albeit unsteady.
Combustion at the bottom of the combustor starts between sections 5 and 6. The §ame length, in good agreement with the experimental results, reaches the end of combustor and continues out.
According to Figs. 4 and 6, §ame anchors on the upper wall, at 5 cm from the injector, and occurs in correspondence to the shock wave, where the density gradient is higher. This means that shocks play an important role in §ame anchoring, possibly due to increased mixing rates caused by the coupled e¨ect of the density and pressure gradients on vorticity transport (baroclinic e¨ect), and also due to the in §uence of the dilatation term on the reaction rate. Numerical results show that shock waves are steady; therefore, the pulsating behavior of the §ame is not due to shock oscillations.
Numerical results point out that peaks of subgrid velocity §uctuations, de¦ned here as √ k SGS , are less than 20 m/s and that turbulent viscosity predicted by the ISCM model is smaller than 0.001 kg/(m·s). Maximum values are shown at the hydrogen/air interface and in the locations where combustion occurs. Mixing and ¤instabilities¥ are analyzed in the following sections.
MIXING AND COMBUSTION FOR SUPERSONIC FLOWS
Flame-holding and mixing are the critical issues in the design of supersonic/ hypersonic combustors. In fact, in supersonic §ows, the residence time of the air stream in the combustion chamber is very short: for an airstream entering at Ma = 2 in a combustor 1 m long, it is about a millisecond. In this short time, fuel and air must mix, ignite, and burn. Incomplete or nonuniform mixing leads to unburned reactants with resulting loss in e©ciency and may lead to production of pollutants. In principle, supersonic combustion is so fast that NO x production may be considerably less than in conventional subsonic combustion. The ideal case of complete mixing is extremely di©cult to achieve in practice. Increasing combustor length is not advisable due to skin friction losses: in fact, in a SCRJ vehicle, the combustor is responsible for about 60% of the total skin friction drag [9] . To improve mixing without increasing the combustor length, several solutions have been investigated: transverse injection, lobe mixers [10] , vortex generators, and by devices exploiting the interaction with shock waves. The major drawback is in terms of thrust penalty: in fact, thrust losses scale with increasing jet Mach number [11] .
Transverse injection, as in the NASA-Langley test case, o¨ers relatively rapid mixing and good fuel penetration. In fact, penetration of the fuel stream into the cross- §ow is governed by the jet-to-freestream momentum §ux ratio. The fuel jet interacts strongly with the cross- §ow, producing a bow shock and a localized highly 3D §ow ¦eld. Vorticity addition to the air stream provides more signi¦cant mixing enhancement of fuel and air.
In order to estimate ignition times, the NASA-Langley test case initial conditions have been assumed, in particular: V = 1200 m/s, P = 1 atm, and = 1. The averaged mixture temperature (between air at 1204 and fuel at 103 K) is therefore about 1180 K. The chemical time, τ chem , for a well mixed reactor, is about ∼ 50 µs.
The distance at which spontaneous ignition occurs in a medium §owing at a velocity U is of order L chem = U t i ∼ 6 cm. This distance is in good agreement with that predicted by numerical simulations (∼ 5 cm).
Because of these small ignition delay times, the Damk ohler number, de¦ned as the ratio between characteristic convective and chemical times, is:
This means that if fuel and air are well mixed, ignition occurs within the combustor, and as a consequence chemistry does not control combustion.
Once established that §ame anchors, a study on the reasons for §ame unsteadiness has been done. In fact, supersonic §ows where large temperature changes occur across the shocks, at the hydrogenair interface, and across the §ame, the reaction rate ω r = exp(−E/(RT i )) (E is the activation energy and T i is the initial reactant temperature) may change by orders of magnitude. Since the activation energy is generally large (here is of order 35 kcal/mol), the reaction rate is very temperature-sensitive. Thus, any §uctuation in the §ame temperature will result in a large change in the reaction rate, leading to ¢instability£ of the §ame front. Furthermore, rapid density changes across the §ame can drive acoustic wave generation that can couple with the increase of the burning rate to induce acoustic-driven instability. Combustion unsteadiness is likely due to this interaction between heat release, acoustics, and kinetics.
In order to understand this periodical behavior, an analysis of the characteristic times has been performed. In fact, because of the known S-curve for hydrogen/air autoignition, if the temperature of the mixture is below a threshold temperature of about 9001000 K, kinetics becomes slower. For a SCRJ combustor, where reactants are not premixed but, for instance, cold hydrogen is injected into hot air, temperature varies signi¦cantly with the equivalence ratio throughout the mixing layer around the jet. At lower temperature, ignition delay times decrease and combustion become eventually controlled by kinetics [12] . As shown in the previous section, the ignition delay time (∼ 0.05 ms) is smaller than the residence time (τ conv ∼ L/U = 0.83 ms), so kinetics is fast enough to let the §ame ignite during a convective time. An analysis of mixing at small scales has been conducted by looking at the local value of Da, M, and Re numbers. By looking at the instantaneous ¦eld of chemical times (Fig. 7) , it turns out that in the part of combustor downstream of the injector, these times are shorter than 1 ms. In particular, the chemical times, calculated by:
vary from 0.01 to 1 ms in the zone where combustion takes place. Turbulent convective times in the §ow ¦eld, calculated as a ratio between the cell dimension and the SGS velocity §uctuations:
range from about 0.8 to 1 ms (Fig. 8) .
The local turbulent Da t number, i.e., the ratio of the turbulent convective time to the chemical time, calculated in each computational cell is shown in Fig. 9 . In the regions where Da t < 1, combustion does not occur Figure 10 shows that in the locations where combustion occurs, the Mach number decreases. This is due to the e¨ect of heat addition to a supersonic §ow in a constant area combustor, as predicted by Rayleigh. In this case, due to the fact that the chamber is slightly divergent, the §ow stays supersonic and does not choke.
Damk ohler (Da t ) and Reynolds (Re t ) numbers predicted by numerical simulations are in the same regime of that predicted by the WilliamsKlimov diagram 
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Instantaneous contour of the Damkohler number. Figure 11 WilliamsKlimov diagram for subsonic §ames (Fig. 11) . The combustion regime for these characteristic numbers corresponds to the reaction sheet regime: this means that the §ame is corrugated.
PROGRESS IN PROPULSION PHYSICS
CONCLUDING REMARKS
In this work, numerical simulations of the NASA-Langley test case have been performed. These simulations have pointed out that the §ame is unsteady: it anchors and quenches periodically. This may be explained as due to the e¨ect of the high temperature gradients caused by shock waves and local compression on the reaction rate. In fact, below a threshold temperature of about 9001000 K, ignition delay times may become longer than the mixing times.
By a comparison with the large-scale characteristic times in a supersonic combustor, it can be shown that the chemical time is shorter than the residence time and the §ame anchors within the combustor.
By comparing small-scale characteristic times, one may tentatively conclude that combustion occurs in the reaction sheet regime.
